The aim of this paper is to understand the causal factors controlling the relationship between flood peaks and volumes in a regional context. A case study is performed based on 330 catchments in Austria ranging from 6 to 500 km 2 in size. Maximum annual flood discharges are compared with the associated flood volumes, and the consistency of the peak-volume relationship is quantified by the Spearman rank correlation coefficient.
INTRODUCTION
Although both flood peaks and volumes are needed for many practical applications in hydrology, surprisingly little research has been devoted to their joint characteristics. Most of the research has focused on the flood peaks alone, in particular on extreme value distributions. Yet, the design of retention basins and spillways of reservoirs, as well as other hydraulic structures where storage is involved, requires not only peak discharges but the entire hydrograph, or at least volume estimates, in order to calculate the effect of the inflow on the storage, and therefore failure probabilities. Similarly, the relationship between flood peaks and volumes is an intriguing scientific research issue in its own right, in particular the interplay of climatic and catchment processes in defining the probabilities of peaks and volumes.
In practice, flood peaks and volumes are often dealt with in a multivariate frequency framework. Traditionally, identical marginal distributions for both random variables have been used (e.g. Sackl and Bergmann 1987 , Goel et al. 1998 , Yue et al. 2002 , but, more recently, copulas have attracted a lot of attention as they allow for more flexibility in the marginal distributions and the dependence between peaks and volumes (e.g. Grimaldi and Serinaldi 2006 , Chowdhary et al. 2011 , Bačová-Mitková and Halmová 2014 . There have been numerous studies on the degree of the dependence between peaks and volumes (e.g. Shiau 2003 , De Michele et al. 2005 , Chen et al. 2010 , Zegpi and Fernández 2010 , Salvadori et al. 2011 , Gräler et al. 2013 , Requena et al. 2013 , Serinaldi and Kilsby 2013 that is needed to estimate the multivariate quantiles and the choice of the copula function (e.g. Favre et al. 2004 , Genest and Favre 2007 , Chowdhary et al. 2011 . Most of the literature, however, treats the dependence from a purely statistical perspective. It would be of interest to understand the hydrological factors controlling the strength of association between peaks and volumes. This would assist in the choice of the copula function to go beyond statistics alone. The additional information is important as there are rarely enough data to reliably fit copula models of peaks and volumes for large return periods. Bivariate models (of peak and volume) are much more data hungry than univariate models of peaks alone, so a priori information on causal factors is essential.
At a basic level it is clear that flood volumes of convective events lasting only for a few hours will be smaller than volumes from frontal rain or snowmelt induced floods that may last for days or weeks. At a more quantitative level, flood volumes can be related to (a) the time scales of the meteorological inputs (rainfall, snowmelt) and (b) the times scales of the storage and delay of this input in the catchment, both on the hillslopes and in the channels (Viglione et al. 2010a (Viglione et al. , 2010b . The meteorological inputs and the catchment delay control the relationship between the peaks and volumes, in terms of both their trend and the scatter around that trend. Viglione and Blöschl (2009) and Gaál et al. (2012) derived relationships between peaks and volumes and argued that the catchment acts as a filter, so storm durations similar to the response time scale of the catchment lead to larger floods than shorter and longer storm durations.
Meteorological or climatic inputs are often used to classify floods into flood types. Hirschboeck et al. (2000) classified floods into tropical, convective and frontal events based on surface and upper weather maps. Merz and Blöschl (2003) classified floods into long-rain floods, short-rain floods, flash floods, rainon-snow floods and snowmelt floods based on an analysis of the climatic inputs (rainfall, snowmelt) and the catchment state (soil moisture, snow). One would expect the flood types to have a bearing on the dependence between peaks and volumes. Renard and Lang (2007) , for example, identified snowmelt and rain-fed floods for the Ubaye River in southeastern France and showed that, for snow-related events, peak flows and volumes were more correlated than for rain-fed floods. They suggested that modelling the dependence with a single correlation parameter may lead to poor results if more than one flood type is present.
The other important set of controls is related to catchment processes. Catchment response times are usually related to the hydraulic relationships of the land surface of the catchment to represent overland flow (e.g. Dooge 2005 , Pavelková et al. 2012 ), or to bulk properties of the catchment to represent a wider array of processes (McCuen et al. 1984 , Sheridan 1994 , Melone et al. 2002 , Fang et al. 2005 , including the hydrogeology (Gaál et al. 2012) . Such relationships tend to be specific to the hydrological regime they have been derived for. However, exploring these factors in the context of regional process knowledge allows one to advance the understanding of catchment response for situations that are too complex or data-scarce to be reliably captured by distributed models (Blöschl 2006, Blöschl and . Flow resistance may be indexed by land-use, urbanization, or a storage parameter (Folmar et al. 2007) ; water input may be indexed by rainfall depth (Rao et al. 1972) ; and landscape evolution processes may be related to catchment attributes, such as drainage density and the hypsometric form of the catchment (Harlina 1984 , Corradini et al. 1995 . These processes will all affect the relationship between flood peaks and volumes in some way.
While several previous studies have examined individual factors controlling the relationship between flood peaks and volumes, this has rarely been done in a regional context. Yet, a regional analysis of the controls, based on the concept of comparative hydrology (Falkenmark and Chapman 1989) , can provide interesting insights into the factors by contrasting similarities and dissimilarities between catchments (Blöschl et al. 2013a) . The aim of this paper is to explore the relationship between flood peaks and volumes from a regional perspective, to understand (a) how closely peaks and volumes are related and (b) the causal factors of the consistency of this relationship.
The paper studies the peak-volume relationships for the region of Austria, which features a diverse spectrum of hydrological flood processes and has been well studied in the past (e.g. Merz and Blöschl 2003 , Merz et al. 2006 , Gaál et al. 2012 ). Specifically, the paper builds on Gaál et al. (2012) , who examined the average dependence of volumes and peaks in terms of their ratio, termed the average flood time scale. They showed that these flood time scales were controlled both by climatic factors (storm types and the antecedent soil moisture) and by the geology and land form. When expressed in a graphical way, the average flood time scales correspond to the slope of the peak-volume relationship, as shown schematically in Fig. 1 (right) . In contrast, this paper is concerned with the scatter in these plots, i.e. how consistent this relationship is between events. The top panel of Fig. 1 shows a catchment where the peak-volume relationship is consistent, while the opposite case is shown in the bottom panel. The paper explores whether this consistency is related to the consistency of the climatic driving flood processes or flood types. Generally, flash floods are associated with small volumes, synoptic floods with bigger volumes, and snowmelt floods with even bigger volumes, in particular in alpine areas.
The closeness of the relationship is expressed by Spearman rank correlation coefficient between flood peaks and the associated flood volumes. The focus is on maximum annual floods as this is the dataset for which the flood typology of Merz and Blöschl (2003) has been derived in the study region.
The paper is structured as follows. First, the study region is characterized from both climatological and hydrological points of view, followed by a description of the rainfall and runoff data used for the current study. The Methods section explains how flood volumes were estimated from the runoff records, how peak volume relationships were analysed, and how the flood seasonality was calculated. The Results section presents findings on the effects of: (a) catchment controls (elevation, catchment scale, etc.) and (b) climate controls (flood process types such as flash floods and snowmelt floods) on the peak-volume relationship; and (c) analyses the situation for four example catchments in more detail. The Discussion and Conclusions sections discuss the findings and their implications, as well as possible topics of further research.
STUDY REGION AND DATA
Flood generating mechanisms vary substantially across Austria (Merz and Blöschl 2003 , Parajka et al. 2010 ). In the Alps in the west of Austria, runoff variability and floods are strongly affected by snow and glacier melt. Most of the floods occur in summer as a result of frontal events, sometimes combined with local convective events. Snowmelt prior to floods may enhance antecedent soil moisture for floods that occur in early summer. In the lower Alpine region south of the Alps (including East Tyrol, the Gail River), snow is similarly important and snowmelt dominated floods often occur in May. However, the largest floods are caused by storm tracks from the Mediterranean and occur in autumn. In the lower Alpine region at the northern fringe of the Alps, rainfall is high because of the orographic barrier of the Alps to northwesterly airflows. Most of the floods occur in summer as a result of frontal events with little or no contribution of snowmelt. In the northern lowlands, in contrast, rainfall is lower and floods may occur in both summer and winter. The winter floods are usually induced by rain-on-snow processes when antecedent snowmelt saturates the soils and relatively low rainfall intensities may then cause significant floods. In the very east of Austria, annual rainfall is low and floods usually occur in summer as a result of frontal events, sometimes combined with local convective events. The southeast of Austria is hilly and conducive to convective events. In small catchments, in particular, the largest floods are produced by convective events in summer. The lower Alpine region at the northern fringe of the Alps exhibits the longest durations which is a reflection of orographic and synoptic rainfall. In the southeast of Austria, in contrast, the flood producing storms tend to be short, which is a reflection of frequent convective storms.
In this study, we used runoff data from 330 Austrian catchments with areas ranging from 5.7 to about 500 km 2 (median: 102.0 km 2 ). Catchments larger than 500 km 2 were not used, to make the set of catchments more comparable. The discharge data were thoroughly screened for outliers (Merz et al. 2006) , and only catchments with no major anthropogenic influences and no significant influence of lakes were included in the analysis. The locations of the catchments (represented by their stream gauges) are shown in Fig. 2 , which also shows the location of four example catchments that are analysed in more detail herein. The example catchments were selected to be representative of different hydro-climatological settings (lowland vs high mountains, wet vs dry climate) and different flood types (Merz et al. 2006) . The distribution of catchments in different elevation zones is presented in Fig. 3 . The majority of the catchments lie between 500 and 1000 m a.s.l., the number of catchments decreasing with increasing elevation. Figure 3 (a) further demonstrates that the distribution of catchment sizes in different elevation zones is similar. Catchments of between 50 and 250 km 2 are most frequent, while smaller and larger catchments (up to the pre-defined upper limit of 500 km 2 ) appear equally less frequent. Note that, even in the highest elevation bin (>2000 m), all the catchment categories are represented. The catchment selection is therefore considered representative of the study region in terms of elevation.
Hourly discharge data from the 330 catchments with records in the period 1971-2007 were used. From the discharge data, annual maximum flood peak discharges were derived, resulting in a total of 7163 peaks (i.e. 22 events per catchment, on average). The distribution of the number of peaks per catchment in the different elevation zones is shown in Fig. 3 (b). The number of catchments with small samples (10-14 peaks) is similar in each elevation zone (≤10) which would not point to any biases regarding estimation uncertainty. Larger samples (≥20) dominate in the lower elevation zones, up to 1500 m a.s.l. However, for elevations above 1500 m, the portion of larger samples decreases.
METHODS
The dataset used in this paper is based on previous work in the study area (Merz and Blöschl 2003 , Merz et al. 2006 , Gaál et al. 2012 . While there are several possibilities to identify events and separate direct runoff volumes from the hydrograph (Gonzales et al. 2009 ), the same methods as in Merz et al. (2006) and Gaál et al. (2012) were used here. In a first step, direct runoff and the baseflow were separated by the digital filter of Chapman and Maxwell (1996) . In a second step, the start and the end points of the rainfall-runoff events were identified based on criteria related to direct runoff and the baseflow at the beginning and end of the event. In a final step, a simple rainfall-runoff model, using hourly rainfall and snowmelt inputs, was fitted to the direct hydrograph to estimate the total direct runoff volume. This procedure yields more accurate volume estimates than the direct integration of observed direct runoff hydrograph, as the latter approach will underestimate the volumes since the trailing limb is cut off at the end of the event. Snow processes were accounted for by the soil moisture accounting model of Parajka et al. (2006) . Details of the procedure are given in Merz et al. (2006) .
The duration of an event is defined as the difference between the times of its end and its beginning, expressed in hours. The coefficient of variation of flood durations is then introduced to characterize the variability of flood events at a given catchment in terms of their durations:
where σ Dur and Ave Dur denote the standard deviation and mean of flood durations, respectively. The coefficient of variation of flood peaks, CV Q , is defined in a similar way. For each flood event identified by the above procedure, a flood type was assigned on the basis of the classification of Merz and Blöschl (2003) , who classified all annual floods into one of five flood types (long rain floods, short rain floods, flash floods, snowmelt floods and rain-on-snow floods) based on the meteorological situation (spatial extent, intensity and type of precipitation) and the state of the catchment (soil moisture, snow coverage, snowmelt etc.) before and during the individual flood events. In this study, the number of flood processes was reduced to three in order to increase the number of floods per flood type. The merging of flood types was motivated by the low frequency of occurrence of flash floods and snowmelt floods in the original classification of Merz and Blöschl (2003) . In this case, due to their small number, it would not be possible to study flash floods and snowmelt floods at the majority of sites. Discarding these two flood types was not an option for us; thus, we decided to merge the original categories into larger ones. The only reasonable option was to merge snow-related flood events (snowmelt floods and rain-on-snow floods) into one category termed 'snow-related floods', and those of synoptic origin (long rain and short rain floods) into 'synoptic floods'. Unfortunately, the category of flash floods had to remain untouched, since the hydrological/climatological/meteorological conditions of their genesis differ significantly from those of the other flood types.
To quantify the strength of association between maximum annual flood discharges and the associated flood volumes of direct runoff, the Spearman rank correlation coefficient ρ between these two variables was estimated for each catchment. The rank 972
L. Gaál et al. correlation coefficient was chosen because (a) it is not sensitive to the magnitude of the extremes, and (b) it may appear as the parameter of copulas in bivariate frequency modelling of flood events. The Spearman rank correlation coefficient assesses how well the relationship between two variables can be described by a monotonic function. It was estimated as:
where D i is the difference in ranks between the ith pair of peaks and volumes and n is the number of events per catchment.
To characterize the regularity of occurrence of annual flood maxima within the year, the strength of the flood seasonality was calculated by directional statistics (e.g. Burn 1997) using Equation 6 of Parajka et al. (2009) . The strength of seasonality ranges from r 2 ¼ 0 (uniform flood distribution throughout the year) to r 2 ¼ 1 (all annual floods occur on the same day of the year).
RESULTS

Catchment controls
As a first step in the analysis, the spatial distribution of Spearman rank correlation coefficients ρ between flood peaks and volumes is presented in Fig. 4 . There is a clear pattern of low ρ along the main ridge of the Alps (Fig. 2 ) and much higher ρ in the northern and eastern lowlands. Overall, the pattern of ρ is quite complex, as it reflects the joint effect of a wide range of climatological and geological driving factors. However, the geographical distribution of ρ does suggest that one of the most important factors determining the consistency between flood peaks and volumes may be related to snow processes, as these differ by elevation.
Spearman's ρ was then related to selected catchment attributes, beginning with catchment area as the most obvious one (Fig. 5 ). The colours clearly indicate the increasing correlation coefficient with decreasing elevation: values of ρ ≥ 0.8 mainly occur at elevations below 1000 m a.s.l., and the smallest ρ occur at elevations above 1000 m, although there is a lot of scatter. In Fig. 5 , the nested catchments are connected by lines to highlight the scale dependence for the same set of catchments. While, overall, there is little scale dependence, the nested catchments do show a slight trend of increasing consistency between peaks and volumes with increasing catchment area. However, catchments with larger areas tend to lie at lower elevations, so the scale dependence may indicate the effect of spurious correlations with elevation. To identify the controlling attributes in more detail, the linear relationship between Spearman's ρ and a number of additional catchment attributes is presented in Table 1 . This is consistent with the use of linear models (i.e. regressions) in the regionalization of hydrological variables from catchment characteristics. The Pearson correlation coefficient (R 2 ) between ρ and the logarithm of catchment area is null, indicating that indeed the slight tendency of scale dependence in Fig. 5 is not significant. The Pearson correlation coefficient between ρ and mean catchment elevation shows a significant relationship, with R 2 = 0.35 (for univariate correlation, the minus indicates that they are inversely related). The linear correlations with other catchment attributes are not very large (Table 1) . For example, the (univariate) correlations with stream network density and mean catchment slope are R 2 = 0.12 and 0.25, respectively. Bivariate correlations with mean catchment elevation and other catchment attributes hardly increase the R 2 beyond the univariate correlation between ρ and mean catchment elevation, indicating that the explanatory power of stream network density and mean catchment slope is through their correlations with mean catchment elevation rather than direct. A rank correlation analysis gives similar magnitudes of the correlation coefficients. Correlations between ρ and other catchment attributes, such as land-use characteristics (percent forest, percent agricultural area) and climatological characteristics (mean summer precipitation, mean winter precipitation), as well as characteristics of geology and soil types (not shown here), give similarly low correlations. This suggests that mean catchment elevation is the main control on Spearman's ρ that can be identified from the statistical analysis.
To analyse the effect of the temporal variability of flood event characteristics, Fig. 6 presents Spearman's ρ (colour coded) as a function of the coefficient of variation of the flood durations (CV Dur , left axis), the coefficient of variation of the flood peaks (CV Q , right axis) and mean catchment elevation (vertical axis). The linear correlation coefficient between ρ and CV Q is 0.243 and that between ρ and CV Dur is -0.377.
High values of ρ (≥0.6, indicated by blue and cyan in Fig. 6 ) have a tendency to occur in catchments with low variability of flood durations (lower than the median CV Dur of 0.45), and high variability of flood peaks (larger than the median CV Q of 0.53). Low variability of durations may be an indicator of similarity in the flood types. If all annual events in a catchment exhibit similar flood Linear correlations that are significant at the 95% confidence level are in bold. For the univariate correlations (first column), the sign of the correlation coefficient R is indicated. Catchment attributes: log(Area): log of the catchment area; Mean elevation: mean catchment elevation (m a.s.l.); RND: river network density; MAP: mean annual precipitation (mm); Slope: mean topographic slope. For details of the attributes see Merz and Blöschl (2009 types (and hence durations), one would expect high consistency in the peak-volume relationship. Figure 6 also shows that these tend to be the lowelevation catchments. The same holds for the opposite end of the ρ spectrum. The catchments with the lowest values of ρ (≤0.4, orange and red in Fig. 6 ) are associated with high variability of flood durations and low variability of flood peaks. This would be an indicator of the occurrence of a range of different flood types (snow, synoptic floods, flash floods) in a given catchment. The differences in the durations of the floods are the main reason for a weak relationship between peak and volume, which one would expect as the volumes are highly correlated to the product of duration and peak flows. Figure 6 also shows that these tend to be the high-elevation catchments. This means that the catchments with the lowest Spearman's ρ generally lie at the highest elevations and, as soon as one approaches lower elevations, the consistency between the flood peaks and volumes goes up. The question now is: Which processes, or combination of processes, are responsible for such a pattern of the measure of flood consistency?
It should be noted that, due to the relatively small sample size (10-31 events), there is considerable uncertainty associated with Spearman's ρ, and this uncertainty increases as ρ approaches zero (Bonett and Wright 2000) . For instance, for the sample size n = 23 (the median of all sample sizes) and ρ = 0.613 (the median of all the Spearman correlation coefficients), the estimation uncertainty is σ ρ = 0.151 (error standard deviation), according to Bonett and Wright (2000) . When interpreting the results, these uncertainties need to be kept in mind.
Climate controls
To obtain a first insight into the effect of the flood types, Fig. 7 presents flood peaks and volumes for the entire set of events analysed herein, stratified by the three flood processes: floods of synoptic origin, flash floods and snow-related floods. There are indeed substantial differences between the flood types. The flash floods are associated with the flattest slope of the flood peak-volume relationship, indicating the fastest response. Snow-related floods produce the steepest slope, and the synoptic floods are in between, as one would expect from the results of Gaál et al. (2012) . Although only few events have been classified as flash floods (1.8%), this seems to be a robust result. Fig. 7 Relationship between flood peaks (in mm/h) and flood volumes (in mm) for all flood events analysed herein, stratified by flood process type: synoptic floods (yellow circles), flash floods (cyan triangles) and snow-related floods (magenta asterisks). 95% prediction intervals are shown. In this paper, the interest lies in the spread of the points around the regression lines: the spread is smallest for flash floods (R 2 = 0.53), largest for snow-related floods (R 2 = 0.20), and the synoptic floods are in between (R 2 = 0.45). Apparently, the shapes of snowmelt floods are the most diverse of all the flood types examined. This is because they include alpine snowmelt floods that may last a week or more.
The findings from Fig. 7 support the notion that there are different flood generation mechanisms and that they are distinguishable in terms of how tight the peak-volume relationships are. It should be noted that Fig. 7 is for all catchments combined, while relationships for individual catchments are analysed below. Figure 8 shows Spearman's ρ as a function of climate characteristics (snow-to-precipitation ratio, strength of flood seasonality on the horizontal axes) and flood type probability (colour scale). If, in a given catchment, all floods are synoptic, they are plotted as yellow; if all floods are snow-related they are plotted as magenta; and if all floods are flash floods they are plotted as cyan. Mixed processes are interpolated on an RBG scale, so a catchment with snow-related and synoptic floods would plot orange (magenta+yellow), and a catchment with flash floods and synoptic floods would plot green (cyan+yellow). Mean catchment elevations above 1000 m are plotted as triangles and those below as circles. Figure 8 (a) indicates that Spearman's ρ decreases with increasing snow-to-precipitation ratio. Where most of the precipitation falls as rain (small snowto-precipitation ratio), peaks and volumes tend to be quite consistent, but increasing snowfall tends to reduce the consistency. This is an effect that adds causality to the elevation dependence of ρ in Fig. 6 , as the driving processes seem to be related to snowfall rather than elevation itself. Of course, elevation and snow-to-precipitation ratio are highly correlated (R 2 = 0.83). The fraction of snow-related events (i.e. the ratio of snowmelt and rain-on-snow events to the total number of events at the given site, dark orange) tends to decrease with elevation. At first sight, this is counter-intuitive, but it can be explained by the flood processes in Austria (Merz and Blöschl 2003) : at high elevations there are mainly summer floods, driven by synoptic rainfall and some snow-related floods, while at low elevations winter floods with a snow component may be more frequent (Figure 12 in Merz and Blöschl 2003) . This suggest that it is not 
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L. Gaál et al. the flood type per se (e.g. snow vs synoptic) that controls the peak-volume dependence, but the nature of the snow-related floods in terms of whether it is a lowland snow flood (which can be quite short), or an alpine snow flood (with typical durations of a week or more). This aspect is analysed in more detail below, for the example catchments. Figure 8(b) indicates that Spearman's ρ also decreases with the strength of the flood seasonality. The high Alpine areas have the strongest flood seasonality in Austria, where all the annual floods occur in the summer (Parajka et al. 2010) . These are both synoptic floods, some flash floods as well as snowrelated floods of long durations. Thus, during a relatively short but wet period of the year, different flood processes may occur in these catchments, resulting in an inconsistent relationship of flood peaks and volumes, and low ρ. Conversely, in lowland catchments, the annual floods may appear at any time of the year, but they are more consistent in terms of peak and volume relationships as their shapes are more similar. Catchments where flash floods play an important role (green in Fig. 8 ) do exhibit strong seasonality, with the main flood occurrence in summer, but they are lowland catchments, so alpine snowmelt never occurs. Because of this, they give rather high values of Spearman's ρ.
Example catchments
To analyse the causal factors of the consistency or inconsistency of flood peak-volume relationships in more detail, four example catchments from different regions of Austria were selected. These catchments represent typical climatological settings and hydrological response: lowlands vs mountains, different atmospheric circulation types, wet vs dry rainfall regime, high vs low seasonality of floods, different frequencies of flood types and high vs low Spearman's ρ. Table 2 gives the main hydrological characteristics of the catchments while their locations are shown in Fig. 1 . The flood regimes of the example catchments are presented in Figs 9-12. Each figure shows the direct runoff hydrographs of the maximum annual floods stratified by flood type and colour coded by season. The bottom right panels of these figures show the flood volumes vs flood peaks colour coded by season. Note that in order to make the hydrographs for different flood types and example catchments more comparable, the x-axes of all hydrographs were all plotted up to 200 h.
Tillmitsch/Lassnitz The Tillmitsch catchment on the River Lassnitz (Fig. 9) is located in southeastern Austria, near the Slovenian border. Extreme flooding often occurs due to an influx of moist Mediterranean air in autumn, which is reflected in frequent autumn floods. Nevertheless, floods occur in all seasons, resulting in a low strength of seasonality (0.36). This fact explains the catchment's position in the top left quadrant of the ρ-seasonality relationship in Fig. 8(b) . The peak-volume relationship of this catchment yields a high degree of consistency. Small flood peaks are associated with small flood volumes, large peaks with large volumes and Spearman's ρ is high (0.90). Floods of synoptic origin dominate (87%), with a few snow-related floods. Because of the low elevations (mean catchment elevation: 585 m a.s.l.), the shapes of the Fig. 9 Example catchment, Tillmitsch/Lassnitz, in southeastern Austria (area: 480.4 km 2 , mean elevation: 585 m a.s.l.). Hydrographs of maximum annual floods stratified by flood type and colour coded by season. Bottom right: flood volumes colour coded by season. Fig. 10 Example catchment, Hinterbichl/Isel, in southwestern Austria (area: 107.0 km 2 , mean elevation: 2523 m a.s.l.). See Fig. 9 for details.
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L. Gaál et al. Fig. 11 Example catchment, Bad Pirawarth/Weidenbach, in northeastern Austria (area: 71.0 km 2 , mean elevation: 221 m a.s.l.). See Fig. 9 for details. Fig. 12 Example catchment, Kainisch/Ödenseetraun, in central Austria (area: 55.3 km 2 , mean elevation: 1291 m a.s.l.). See Fig. 9 for details.
Dependence between flood peaks and volumes 979 snowmelt hydrographs do not differ much from those of the synoptic floods. Moreover, no flash floods were observed as annual flood maxima. For all these reasons, Spearman's ρ for all floods is practically identical to that for the dominant synoptic flood types (Table 2 ) and, consequently, the flood peak-volume relationship shows a high degree of consistency.
Hinterbichl/Isel The second example catchment represents the exact opposite of the first one. The Hinterbichl catchment on the River Isel is located at high elevations in the Central Alps (mean catchment elevation: 2523 m a.s.l.). Almost all annual floods occur in the summer (Fig. 10) , because of the short summer season where both rainfall and snowmelt are possible. The hydrograph shapes show diverse patterns. Most floods are synoptic floods, as in most medium-sized to large catchments in Austria. However, there is a substantial number of snow floods and a few flash floods (Table 2 ). Figure 10 shows the typical shape of the snowmelt hydrographs from the mountains. The different flood types are associated with different peak-volume relationships, which are apparent in both the hydrographs and the scatter plot in Fig. 10 . Flash floods give the smallest volumes, snow-related floods the largest volumes, and the synoptic floods are in between (bottom right panel of Fig. 10 ). Although both synoptic and snowmelt floods are associated with a rather low Spearman rank correlation (0.35 and 0.30, respectively; Table 2 ), on the basis of Fig. 10 it is obvious that one could represent the different flood types by different peak-volume relationships. However, if one lumps all flood types together, one obtains a weak dependence between peaks and volumes (ρ = 0.07). This is consistent with the hypothesis illustrated in Fig. 1, i. e. a mix of flood types gives a weak peak-volume dependence.
Bad Pirawarth/Weidenbach
The Bad Pirawarth catchment on the River Weidenbach (mean catchment elevation: 221 m a.s.l.) is typical of the northeastern lowlands of Austria. In this part of the country, floods occur throughout the year. Winter floods are often associated with snow. The meteorological forcing is due to a range of processes including convective storms in summer, as indicated by the slim shape of the flash floods in summer and autumn ( Fig. 11) . Due to the dominance of summer and autumn events, the regularity of flood seasonality is rather small (0.42). Bad Pirawarth is one of the catchments with the largest frequency of flash floods in the current database (5 out of 12). Therefore, even though the other two flood types also appear in the sample, with a similar ratio (4 synoptic floods and 3 snowmelt floods), we can consider Bad Pirawarth as being representative of catchments that have mixed flood types with a slight dominance of flash floods. The Spearman correlation coefficients for the individual flood types are all high (Table 2) . Even though the snow-related floods do show greater volumes than the flash floods, the difference is not very big, so the measure of overall peak-volume consistency is rather high (ρ = 0.70). This example nicely illustrates the differences between snow-related floods in the lowlands (Fig. 11 ) and snow-related floods in the Alpine areas ( Fig. 10) . Rather than the flood type per se, it is the elevation setting that exerts a major control on the volume characteristics of the floods.
Kainisch/Ödenseetraun The last of the example catchments, Kainisch, is located in a karstic area along the northern slopes of the Alpine range (mean catchment elevation: 1291 m a.s.l.). Floods mainly occur in the summer and autumn (Fig. 12) . The flood regime is dominated by synoptic floods (88%), with a few snow-related floods (12%) but no flash floods. The latter is because of the slow catchment response due to the effect of karst. Since synoptic floods dominate (ρ = 0.71, Table 2 ), the hydrograph patterns are similar to those of Hinterbichl ( Fig. 9 ). However, the snow-related floods in Kainisch show less pronounced daily fluctuations than in Hinterbichl due to the lower elevations. Similar to Hinterbichl and Bad Pirawarth, the snow-related floods have larger volumes than the other floods. The difference is less pronounced than in the high-elevation Hinterbichl catchment, but more pronounced than in the low-elevation Bad Pirawarth catchment, and Spearman's ρ is in between (ρ = 0.53). This explains the strong control of elevation demonstrated in most of this paper. Furthermore, the Kainisch catchment is a nice illustration of the hypothesis shown in Fig. 1 : mixing two flood processes, each with high consistency between flood peaks and volumes, results in lower overall consistency between them.
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DISCUSSION
General remarks
The purpose of this study was to analyse the dependence between flood peaks and the corresponding flood volumes in a regional context, and to understand the causal factors controlling this dependence. The analysis was performed for annual maximum floods, using Austria as a case study area. While Gaál et al. (2012) analysed the average dependence between peaks and volumes based on flood time scales, this study was concerned with the degree of consistency between peaks and volumes and their controls.
To express the strength of association between flood peaks and flood volumes, the Spearman rank correlation coefficient was estimated for each site. In the majority of analyses, Spearman's ρ was estimated on the basis of all events at the given site, regardless of their genesis, since, in general, flood types are not commonly available in studies of flood peak-volume relationships.
Note, when interpreting the results, it needs to be kept in mind that, due to the relatively small sample sizes (10-31 events), there is uncertainty associated with Spearman's ρ. It should also be noted that this paper does not focus on statistical models of the dependence structure in a multivariate relationship (e.g. appropriateness of a specific copula family), but on whether flood peak-volume relationships can be typified by methods of comparative hydrology, or, in other words, whether it is possible to discriminate flood types and the strength (Spearman's ρ) and shape (visual comparison) of the association between the two variables spatially.
The possible non-stationarity of the runoff regime in the Alpine region (as discussed in detail in Castellarin and Pistocchi 2012) may be one of the further important factors that could influence the results; nevertheless, analysis of the effects of landuse and climate change on the hydrological regime was beyond the scope of this study.
Climate vs catchment controls
The results suggest that the factors controlling the dependence are mainly related to climate rather than catchment characteristics. This would be expected, as the interest is in the variability between events. Catchment characteristics are essentially stationary at the time scales analysed, so the temporal variability mainly comes from the climate forcing. The results also suggest that snowmelt floods tend to be more diverse than synoptic floods and flash floods in terms of their durations, which translates into a weaker dependence of the peak-volume relationship than for the other two flood types. This is consistent with the findings of Renard and Lang (2007) in the French Ubaye River. They noted a "lack of shape invariance for snow related events", as moderate rainfalls can be superimposed on high baseflow produced by snowmelt, thus leading to a great variety of hydrograph shapes for the same river. When they analysed only rain-fed floods, the hydrograph shapes were much more consistent.
The role of catchment elevation
While the analysis of the peak-volume dependence by flood type was very insightful, an important finding of this study is the paramount role of catchment elevation in that dependence. The lowest Spearman rank correlation coefficients between peaks and volumes occurred in the high alpine catchments, with typical values around 0.2. The highest Spearman rank correlation coefficients occurred in the lowlands, with typical values around 0.8. From a process perspective, the main difference between alpine and lowland floods is the role of snow and the characteristics of snow-related floods. This is supported by analysis of the Spearman rank correlation coefficients with respect to snow-to-precipitation ratio and strength of flood seasonality. The correlations between peak and volume consistently decrease with increasing snow-to-precipitation ratio and strength of flood seasonality. These two variables are closely related to elevation through temperature and therefore snow processes.
Mountain catchments
In the mountain catchments, such as Hinterbichl, the flood season is relatively short, mainly in summer, but a diverse set of flood types may occur, including long-duration snowmelt floods, synoptic floods and flash floods. Because of this mix of different flood types, the dependence between flood peaks and volumes is weak. If only a limited number of flood types occurs, e.g. only synoptic floods, this will increase the strength of association between peaks and volumes, as the flood durations are more consistent. This finding is consistent with the reasoning outlined in the introduction (Fig. 1) . The important point is that the mountain type snowmelt, which exhibits long durations and large flood volumes, when combined with synoptic events and flash floods, will result in a low degree of consistency between flood peaks and volumes.
Lowland catchments
In the lowlands, the flood durations vary less. This is because of a number of factors. Most importantly, long-duration snowmelt floods are absent. Snowrelated floods, usually rain on snow events, are not too different from other flood types in terms of their volumes. Second, the events that produce the maximum annual floods are those for which the storm duration is close to the concentration time of the catchment, because the catchment-response time scales filter the distribution of all storms to produce the distribution of flood-producing storms. Third, the co-evolution of climate, landform, soils and vegetation may contribute to a more consistent flood response between events. At the time scale of decades, the flow paths as well as soil moisture affect both erosion during floods and soil evolution (modulated by differences in geology), while soil depth and permeability affect flow paths and therefore the flood response at the event scale. Even at the landscape evolution time scale, there are further interactions. Gaál et al. (2012) showed catchments whose form has adapted to the flashiness of floods by producing efficient drainage networks, which, in turn, enhance the flashiness of the flood response. In other catchments, tortuous drainage networks have evolved, which, in turn, retard the flood response and impede the evolution of an efficient drainage network. This means that, in the absence of long-duration snowmelt floods, the flood peak-volume relationships will be more consistent.
CONCLUSIONS
The main conclusion of this study is that a mix of different flood types reduces the consistency between flood peaks and volumes. However, this particularly applies to catchments with long-duration snowmelt floods. To fully capture the effect on the dependence between peaks and volumes, the nature of snowrelated floods-long-duration snowmelt floods in mountains vs shorter snow-related floods in lowlands-needs to be ascertained. In lowland catchments, peaks and volumes tend to be more consistent because of the filtering of the distribution of all storms by the catchment response time to produce the distribution of flood producing storms, and the co-evolution of climate, landform and soils.
The findings reported in this paper have implications for the choice of statistical dependence structure between flood peaks and volumes. For most cases of practical interest there are not enough data to reliably fit copula models of peaks and volumes for large return periods. This is because of the higher dimensionality of bivariate models compared to univariate models. While copula models, often, only involve a single parameter (e.g. Genest and Favre 2007, Chowdhary et al. 2011) , the choice of copula function then plays a role in deciding the shape of the dependence. In choosing the copula, the causal factors identified in this paper could be used as a priori information. This applies to static characteristics such as mean catchment elevation, as well as more dynamic characteristics such as snow-to-precipitation ratio, strength of the flood seasonality and presence or absence of long-duration snowmelt floods. This a priori information could be accounted for in a framework of a flood frequency hydrology. One possibility is to include the information through process reasoning along the lines given in Blöschl (2008a, 2008b) . Alternatively, a more rigorous Bayesian analysis could be used, as illustrated by Viglione et al. (2013) for the case of flood peaks. Overall, the aim is to reduce the estimation uncertainty by including information that goes beyond the systematic dataset of flood peak discharges and the associated flood volumes.
It needs to be emphasised that this study does not focus on the statistical properties of the dependence, but on whether flood peak-volume relationships can be typified by comparative hydrology; in other words, whether it is possible to relate flood types and the strength and shape of the association between two variables associated with these spatially. The results of this study indicate that there are potential differences, and these may be the subject of statistical modelling in upcoming studies.
There are opportunities for future work to extend the analyses of the present study. The dataset of this study consists of maximum annual floods, so the number of events available for each catchment was equal to the record length in years, which ranged from 10 to 37. If one performs bivariate analyses of peak and volume, a large sample size is even more important than for univariate analyses. Stratifying the data by flood type further reduces the sample size. It would therefore be interesting to extend the present work using peak-over-threshold data to increase the sample size, or to use all the independent rainfallrunoff events that it is possible to identify in the given catchment. Large data samples for multivariate analyses could also be obtained by rainfall-runoff modelling and derived flood frequency analysis. Also, there were relatively few flash floods in the dataset because of the relatively large catchments (median catchment size: approx. 100 km 2 ). Opportunities exist to add non-systematic data on flash floods (Gaume et al. 2009 , Borga et al. 2011 , Pekárová et al. 2012 , although the statistical characterizations may not be straightforward. Finally, estimating flood event volumes is always a problem, in particular for long-duration snowmelt floods, as there is no single best method, and more research is needed here. Perhaps more importantly, considering double events would be a useful extension, in particular from a practical perspective (Blöschl et al. 2013b ). These analyses could be performed in a comparative hydrology framework (Blöschl et al. 2013a) to make the results applicable to a wide range of catchment conditions.
